To meet the demand for continuous increase in data traffic, full usage of polarization freedom of light is becoming inevitable in the next-generation optical communication and datacenter networks. In particular, Stokes-vector modulation direct-detection (SVM-DD) formats are expected as potentially cost-effective method to transmit multi-level signals without using costly coherent transceivers in the short-reach links. For the SVM-DD formats to be practical, both the transmitter and receiver need to be substantially simpler, smaller, and lower-cost as compared to coherent counterparts. To this end, we have recently proposed and demonstrated novel SV modulator and receiver circuits realized on monolithic InP platforms. With compact non-interferometric configurations, relatively simple fabrication procedures, and compatibility with other active photonic components, the proposed devices should be attractive candidate in realizing low-cost monolithic transceivers for SVM formats. In this paper, we review our approaches as well as recent progresses and provide future prospects.
Introduction
Driven by the recent expansion of cloud-based internet services, optical communication and datacenter networks are facing continuous challenge to increase the data capacity. As the coherent modulation formats are still not viable solution to meet the strict cost requirement in short-reach (< 100 km) applications, there is an increasing interest to employ multi-level intensity modulation and direct detection (IM/DD) formats, such as 4-level pulse amplitude modulation (PAM-4) in the next-generation 400GbE [1] . However, since PAM formats are only 1D intensity modulation, huge portion of the 4D signal space remains unutilized. Number of modulation levels can be increased in a more power-efficient manner by the 3D Stokes vector modulation (SVM) formats [2] , [3] . Since the information is not encoded on the absolute optical phase as in other IM-DD schemes, cost-effective DD-based receiver could be employed to retrieve the data. Indeed, several experimental demonstrations have proved the effectiveness of SVM-DD schemes in the transmission systems [4] - [6] . These experiments, however, employed either commercial coherent receivers based on discrete optical components [4] , [5] , or relatively complicated silicon-photonic circuit [6] . For these schemes to be a cost-effective solution in real shortManuscript received November 7, 2017 . Manuscript revised February 15, 2018 . * This is a review article. † The authors are with the University of Tokyo, Tokyo, 113-8656 Japan.
a) E-mail: tanemura@ee.t.u-tokyo.ac.jp DOI: 10.1587/transele.E101.C.594 reach networks, both the transmitter and receiver need to be substantially simpler, smaller, and lower-cost as compared to coherent counterparts.
To this end, we have been developing novel compact Stokes vector (SV) modulators and receivers realized on monolithic InP platforms [7] - [11] . With the ability of integrating lasers and other active components, the proposed devices may be the attractive candidates to realize ultracompact and low-cost SVM-DD transceivers for the future short-reach (< 100 km) optical data links. In this paper, we review the basic concepts and recent progress of these novel polarization-manipulating integrated devices.
The paper is organized as follows. In Sect. 2, we first introduce the basic polarization-manipulating components that we employ to realize SV modulator and receiver. We also summarize the wave-propagating property inside each structure. We then introduce SV modulator and receiver in Sects. 3 and 4, respectively, and finally conclude the work. Figure 1 shows the basic polarization-manipulating components, which are used as the building blocks to realize InPbased monolithic SV modulator and receiver as introduced in the subsequent sections.
Background Theory

Building Blocks
First, Fig. 1 (a) is the symmetric waveguide (SW), which has a symmetrical cross-section and supports transverse-electric-like (TE-like) and transverse-magneticlike (TM-like) modes. It could be a standard ridge or high-mesa waveguide. Second, Fig. 1 (b) shows the asymmetric waveguide (AW), which is used to rotate state-ofpolarization (SOP). While various types of AW [12] - [14] could be used in general, we employ the half-ridge structure, which is particularly suited in integration with other ridge-waveguide components [15] , [16] .
While SW and AW are both passive components, Fig. 1 (c) shows the active component, where a strained multiple-quantum-well (MQW) layer is inserted at the core of the p-i-n structure. If the bandgap of MQW layer is offset to the shorter wavelength than the operating wavelength, it operates as a phase modulator (PM) under forward or reverse bias, via band-filling effect or quantum-confined Stark effect (QCSE), respectively. The PM efficiency generally differs for TE or TM mode, which can be further enhanced by introducing optimal strain to the MQW layer. In such Copyright c 2018 The Institute of Electronics, Information and Communication Engineers a case, the device shown in Fig. 1 (c) functions as efficient polarization-sensitive PM (PS-PM). On the other hand, if the bandgap of MQW is set to the operating wavelength, it dominantly absorbs either the TE or TM component of the input light. In other words, it works as a polarizationsensitive photodetector (PS-PD). We should note that although a ridge waveguide structure is depicted in Fig. 1 (c) , it could also be high-mesa waveguide or any other symmetric waveguide structure.
Evolution of SV Inside Symmetric Waveguides
Before introducing SV modulator and receiver, we review how SV evolves inside each component shown in Fig. 1 .
We first consider a passive SW or PS-PM with symmetrical cross-section as shown in Fig. 1 (a) or 1 (c) , which supports TE-like and TM-like guiding modes. The transverse (x and y) field components of light propagating in +z direction inside the waveguide is then expressed by a superposition of these two guiding modes as
Here, e TE and e TM (h TE and h TM ) are the transverse electric (magnetic) field profiles of the TE-like and TM-like modes, respectively. The scalar variables A TE (z) and A TM (z) denote the complex amplitudes of respective components. Due to the Lorentz reciprocity of the system, we have the modal orthogonality relation [17] 
We also assume that {e TE , h TE } and {e TM , h TM } are properly normalized so that
Generally speaking, as the wave propagates inside a waveguide, the complex amplitudes A TE and A TM evolve following the coupled mode equations [18] d dz
If we assume a lossless system, the coupling matrix K must be Hermite, i.e., κ 11 and κ 22 are real and κ 21 = κ * 12 . In case of a symmetric waveguide as shown in Fig. 1 (a) , there is no coupling between the TE-like and TM-like modes, so that K is a diagonal matrix and expressed as
where β TE and β TM are the propagation constants of the TElike mode and the TM-like mode, respectively. We now define the Stokes vector S = (S 1 , S 2 , S 3 ) tr , used in this paper as
Differentiating Eq. (6) by z and using Eq. (4), we obtain
Equation (7) describes the evolution of the Stokes vector S on the Poincaré sphere; as the wave propagates, the vector S rotates around the birefringence vector Ω at an angular rate of |Ω| [18] . As a particular case of interest, by inserting Eq. (5) to Eq. (8), we see that Ω = (β TE − β TM , 0, 0) tr for a symmetric waveguide. The Stokes vector S, therefore, rotates around the S 1 axis of the Poincaré sphere at a rate equal to the birefringence Δβ SW (≡ β TE −β TM ). As a result, if we inject either TE-like or TM-like wave, which lies on the S 1 axis of the Poincaré sphere, it would maintain its SOP with propagation. On the contrary, if the input light has an SOP other than pure TE/TM-like mode [i.e., both A TE and A TM in Eq. (1) are nonzero], the SOP would change as the wave propagates along the waveguide. In the PS-PM section shown in Fig. 1 (c) , the magnitude of Δβ SW can be controlled by an external signal.
Evolution of SV Inside Asymmetric Waveguides
We now consider an AW that has an asymmetrical crosssection as depicted in Fig. 1 (b) . It has been demonstrated that with an appropriate design, such a waveguide could support two dominant guiding modes with different propagation constants [15] , [16] . Similar to Eq. (1), the transverse field components of a wave propagating inside such a waveguide can be expressed by a superposition of these two eigenmodes, so that
where e 1 and e 2 (h 1 and h 2 ) denote the transverse electric (magnetic) field profiles of the two eigenmodes, and B 1 and B 2 are the complex amplitudes of respective modes. Once again, we have the orthonormality relations for {e 1 , h 1 } and {e 2 , h 2 }, so that they satisfy similar equations as Eqs. (2) and (3) . Inside the asymmetric waveguide, B 1 and B 2 follow d dz
where β 1 and β 2 are the propagation constants of the two eigenmodes.
In the actual devices proposed in subsequent sections, we introduce a tapered waveguide structure at each interface between the SW and AW sections, so that there is no notable scattering or radiation losses at the junction. If no power is lost, we can assume that the TE/TM-like modes inside the SW are coupled to the orthogonal combinations of the two eigenmodes inside the AW waveguide, and vice versa. In other words, the complex amplitudes (A TE , A TM ) tr are coupled to (B 1 , B 2 ) tr through a unitary operation:
In Eq. (11), U is a 2×2 unitary matrix that satisfies U † U = 1, and can generally be expressed as
by using four real variables θ, ϕ 0 , ϕ 1 , ϕ 2 , and ϕ 3 . Since we could define e 1 and e 2 to have arbitrary average phase (i.e., only the relative phases within e 1 and e 2 are important), we could, without loss of generality, set ϕ 0 + ϕ 1 = ϕ 0 + ϕ 2 = 0.
(Such a choice of definition would only change the respective phases of B 1 and B 2 in Eq. (11).) As a result, U in Eq. (12) can be rewritten by using only two real variables as
where we define 2φ ≡ ϕ 0 − ϕ 1 + π. Inserting Eq. (11) and Eq. (13) into Eq. (10), and deriving the K matrix defined in Eq. (4), we obtain the expression of K for a general AW:
Finally, inserting Eq. (14) into Eq. (8), we find that
As the wave propagates inside an asymmetric waveguide, the Stokes vector S rotates around the vector Ω shown in Fig. 2 at a rate equal to the birefringence Δβ AW = β 1 − β 2 . We should first note that the S 3 component of Ω in Fig. 2 The birefringence vector Ω in an asymmetric waveguide as defined by Eq. (15). As described by Eq. (7), the Stokes vector S rotates around Ω at a rate of Δβ AW with propagation.
Eq. (15) has the effect of rotating the Stokes vector around the S 3 axis as the light propagates inside the waveguide. Such effect is generally denoted as the circular birefringence (or optical activity) and would be present only if the waveguide exhibits a chiral structure or a twisted strain, or if an external magnetic field is applied along the z axis [19] . In these cases, the eigenmodes (e 1 and e 2 ) are elliptically polarized, so that B 1 and B 2 in Eqs. (11) and (13) are excited with a phase offset (φ 0). The half-ridge waveguide shown in Fig. 1 (b) does not exhibit such circular birefringence. We can therefore assume φ = 0 and Ω lies on the S 1 -S 2 plane. We have also demonstrated that by deliberately choosing the width W PC and the core layer thickness d, we can shape the field profiles of the two eigenmodes inside the half-ridge waveguide to have approximately 45
• orientation with respect to x and y axes, so that a TE/TM wave would excite these two modes with equal magnitude [15] . In such a case, from the definitions given by Eq. (13) and Eq. (11), θ = π/4 and Ω is aligned to the S 2 axis. By setting the length of the AW section L AW to satisfy Δβ AW L AW = π/2, it operates as a quarter-wave plate, so that S rotates around the S 2 axis by 90
• . In particular, an input TE/TM-like mode would be converted to a circular SOP at the output.
Stokes Vector (SV) Modulator
Schematic and Principle of Operation
By cascading AW and PS-PM sections, we can construct a waveguide-based straight-line SV modulator as shown in Fig. 3 [7] , [20] , [21] . The length of the AW section (L AW ) is adjusted to the quarter beat-length, whereas that of PS-PM section (L PM ) is set to obtain 2π polarization-sensitive phase modulation with sufficient efficiency under external voltage.
The principle of operation of the SV modulator could be understood by tracking the evolution of the Stokes vector S on the Poincaré sphere. When a TE-like mode is incident on the first AW section (AW1), S rotates around the S 2 axis. Since we set the length of AW to satisfy Δβ AW L AW = π/2, it rotates 90
• and arrives at a circular polarization (S 1 = S 2 = 0, S 3 = −1) as shown in Fig. 3 (b) . Then, as it propagates inside the PS-PM section (PS-PM1), S rotates around the S 1 axis with a rotation angle of Δβ SW L PM . By controlling the amount of Δβ SW through an external signal V 1 , we could obtain arbitrary SOP along the circumference on the S 2 -S 3 plane. Next, as the wave propagates through the second AW section (AW2), S rotates once again around the S 2 axis and arrives on the S 1 -S 2 plane as shown in Fig. 3 (b) . As a result, at the output of AW2, we obtain arbitrary linear polarization with its principal angle controlled by V 1 [see Fig. 3 (c) ]. Finally, the second PM section (PS-PM2) rotates S around the S 1 axis with a rotation angle that is controllable through the external signal V 2 [see Fig. 3 (d) ]. By tuning both V 1 and V 2 , therefore, we could convert the input TE-mode light into an arbitrary SOP on the Poincaré sphere. Similar operation is achieved for a TM-mode input as well.
Device Fabrication and Demonstration
For proof-of-concept demonstration, we have fabricated a SV modulator on InP [7] . In this work, for ease of fabrication, instead of using MQW layer for PS-PM as shown in Fig. 1 , we employed the identical p-i-n InP/InGaAsP double heterojunction structure with 500-nm-thick bulk InGaAsP (Q1.3) guiding layer. The polarization-sensitive phase modulation was obtained by using the combination of the FranzKeldysh effect and Pockels effect inside the bulk InGaAsP layer.
The device was fabricated by a simple self-aligned double-etching process [16] . Figure 4 (a) shows the crosssectional scanning electron microscopic (SEM) images at both the AW and PS-PM sections of the fabricated device. The waveguide width and length were 0.9 μm and 170 μm for the AW section, and 2.5 μm and 2 mm for the PS-PM section, respectively. Figure 4 (b) shows the measured Stokes parameters of the output light when TE-mode light is incident to the device. We see that the SV rotates in nearly orthogonal directions on the Poincaré sphere as we change V 1 and V 2 individually, implying that arbitrary polarization modulation should be possible.
To increase the modulation efficiency, we have also demonstrated an MQW-based SV modulator as shown in Fig. 5 (a) [8] . For the PS-PM section, we employed a ridge waveguide with strained MQW active layer in separate-confinement heterostructure (SCH). The MQW layer comprised 31 sets of 8-nm-thick undoped InGaAlAs wells with 0.1% compressive strain and 5-nm-thick undoped InAlAs barriers, which had the photoluminescence peak at 1400-nm wavelength. The device was fabricated by using the butt-joint regrowth technique, followed by the selfaligned etching process. In this work, the device was operated under a forward bias. Figure 5 (b) shows the measured output SOP on the Poincaré sphere with increasing current (from 0 to 14 mA) for devices with L AW of 100 μm, 130 μm and 145 μm. In all cases, TM-mode light is incident to the device. We see that when L AW is properly designed between 100 and 130 μm, π-rotation of SOP around a great circle on Poincaré sphere is achieved with the injection current of ∼10 mA. While the operational speed of this device was limited to few nanoseconds due to the carrier lifetime, higher-speed operation should be possible under a reverse bias with properly designed MQW layer. In addition, by concatenating two of such devices as shown in Fig. 3 (a) , 3D SV modulator should be realized.
Prospects Towards Tb/s SVM-DD Transmitter
As shown in Fig. 6 (a) , by segmenting the electrode at PS-PM and adding an electro-absorptive modulator (EAM) stage, we can convert an input TE light to 16 states (4 bits), symmetrically located in the Stokes space. First, EAM stage is used to encode Bit 1 onto the intensity (S 0 ) of light. Then, as described in Fig. 6 (b) , two segmented electrodes in the first PS-PM stage are used to encode Bit 2 and Bit 3 to four SOPs on the S 1 -S 2 plane. Finally, the second PS-PM stage is used to encode Bit 4 onto the S 3 dimension. As indicated in Fig. 6 (a) , if we set the length of each electrode to be 0.3L π , L π , and 0.5L π (where L π denotes the length required to achieve π rotation), we can use digital electric signals with equal amplitude for SV modulation. We can, therefore, realize a simple straight-line 16-level SV modulator on a compact footprint without the need for electric digital-to-analog converters (DAC) or bias control circuit. By integrating multiple wavelength channels and drive each modulating section at 50 Gbaud, we expect to realize Tb/s (50 Gbaud × 4 bits × 5λ) transmitter on a compact InP chip as shown in Fig. 6 (c) .
Stokes Vector (SV) Receiver
Schematic and Principle of Operation
By integrating SW, AW, and PS-PD shown in Fig. 1 , we can realize a compact SV receiver [9] , [10] . Figure 7 shows the schematic of the proposed device. The input signal is first split into three ports by a multimode interference (MMI) coupler and transmitted through the Stokes vector rotator (SVR), which consists of SW and AW sections. Since the length and position of AW section are different in each port, the SOP is converted into three different states. The polarization-converted light in each port is then detected by the PS-PD. If the PS-PD has sensitivity only to the TE component (i.e. S 1 parameter), we can essentially detect projection of the input SV of light S in onto three different basis vectors in the Stokes space. The input SOP S in can then be derived through digital signal processing (DSP) as
where M p is a 3 × 3 matrix representing the SOP conversion at three ports and
T is a 3 × 1 vector with V i representing the detected TE component at each PD (i = 1, 2, 3) [10] .
In a realistic device, PS-PD does not have infinite polarization extinction ratio (PER), so that TM component of the input light is also absorbed. The effect of such finite PER, however, could be calibrated to derive the accurate V in Eq. (16) with nominal receiver power penalty [10] . It is also important to design the PC sections appropriately, so that M p is nearly orthogonal (i.e., |det(M p )| 1). However, even if |det(M p )| deviates from 1 due to fabrication imperfectness, input SOP can be calculated by Eq. (16) as long as |det(M p )| 0 so that M p is invertible.
While there are numerous possible designs to achieve |det(M p )| = 1, the simplest case is when M p is a unit matrix. This condition can be achieved if the SVRs are designed such that S 1 , S 2 , and S 3 components of input light are detected at PS-PD1, 2, and 3, respectively. This is satisfied when (i) Port 1 consists of only SW, (ii) Port 2 has AW with θ = −(3/8)π and its length L AW matched to the half-beat length, and (iii) Port 3 has an additional SW with the length L SW matched to the quarter-beat length before the AW.
We should note that this is just one example of many possible designs. More precisely, we can derive from a detailed investigation [10] that the requirement for AW is to convert a SV on the S 2 -S 3 plane to TE state, which can be achieved when θ is in between 22.5
• and 67.5
• . This condition is relatively easy to achieve in practice and adds substantial flexibility in device design. For example, we estimate that the etching depth of the InGaAsP core layer at the half-ridge AW (d in Fig. 1 (b) ) could have a wide deviation range of 100 nm.
Finally, although we consider the 3-port configuration in this paper, we expect that the performance of the receiver should be improved by adding another port and using signals from 4 integrated PDs. In this case, intensity modulated signals and degradations in degree-of-polarization should also be detected. Moreover, we expect that the effect of residual polarization-dependent loss inside the device should be removed as well. Performance of such 4-port SV receiver shall be investigated in future. 
Device Fabrication and Demonstration
Proof-of-concept device was fabricated by using the offsetquantum-well scheme to integrate MQW-based PS-PD array with the passive polarization converting circuits [10] . The MQW consisted of 6 InGaAsP well layers with 0.4% compressive strain to enhance absorption of TE light at 1550-nm wavelength. The length of PD section was set to 100 μm. Details of the device design can be found in [10] . Figure 8 (a) shows the micrograph of the fabricated device. The total device footprint is 2.3mm × 0.5mm. The fourth MMI port is added for redundancy and not used in the experiment. Figure 8 (b) shows the input and measured SV for 14 representative input SOPs on the Poincaré sphere, measured at 1550-nm wavelength. For quantitative comparison, we also plot in Fig. 8 (c) the Stokes parameters measured for 60 different SVs varied over the entire Poincaré sphere. We can confirm excellent agreement between the actual input and measured SV, demonstrating that arbitrary SOP can be detected from the photocurrent signals of three on-chip PDs.
SVM-DD Receiver Experiment
To test the applicability of our SV receiver to SVM-DD systems, we carried out subsystem experiment to decode multilevel SVM signal by using the fabricated device [11] . Figure 9 (a) shows the experimental setup. In this experiment, we employed a polarization analyzing circuit without PS-PDs. Instead, we used off-chip polarizer and high-speed PD to emulate PS-PD. A 3-Gbaud 4-level SVM signal was generated by using LiNbO 3 phase modulator (LN-PM) driven by a 4-level analog signal from an arbitrary waveform generator (AWG). From the detected signal, the input SV was calculated by off-line DSP. Figure 9 (b) shows the retrieved SV on the Poincaré sphere as well as eye-diagrams of measured S 1 , S 2 , and S 3 components. Since the baud rate of our experiment was limited by the bandwidth of the AWG, we expect that the device should operate at higher speed, only limited by the bandwidth of PD and experimental equipment.
Conclusions
We have reviewed our recent efforts in realizing monolithically integrated InP-based SV modulators and receivers. Owing to the non-interferometric configurations, both devices can be realized on a compact chip without the need for power-consuming bias controls. In particular, the proposed SV receiver is inherently robust against fabrication imperfectness and environmental changes, since the projection matrix can be calibrated through DSP. With the ability of integrating lasers and other active components, these devices may be the attractive candidates to realize ultracompact and low-cost SVM-DD transceivers for the nextgeneration short-reach optical data links.
